In bacteria, the RNA chaperone Hfq enables pairing of small regulatory RNAs with their target mRNAs and therefore is a key player of post-transcriptional regulation network. As a global regulator, Hfq is engaged in the adaptation to external environment, regulation of metabolism and bacterial virulence. In this study we used RNA-sequencing and quantitative proteomics (LC-MS/MS) to elucidate the role of this chaperone in the physiology and virulence of Yersinia enterocolitica serotype O:3. This global approach revealed the profound impact of Hfq on gene and protein expression. Furthermore, the role of Hfq in the cell morphology, metabolism, cell wall integrity, resistance to external stresses and pathogenicity was evaluated. Importantly, our results revealed that several alterations typical for the hfqnegative phenotype were due to derepression of the transcriptional factor RovM. The overexpression of RovM caused by the loss of Hfq chaperone resulted in extended growth defect, alterations in the lipid A structure, motility and biofilm formation defects, as well as changes in mannitol utilization. Furthermore, in Y. enterocolitica RovM only in the presence of Hfq affected the abundance of RpoS. Finally, the impact of hfq and rovM mutations on the virulence was assessed in the mouse infection model.
Introduction
Yersinia enterocolitica is a gram-negative pathogen causing yersiniosis, the third most common zoonotic foodborne disease in the European Union (Virtanen et al., 2011) . The most common clinical manifestation of yersiniosis is self-limited gastroenteritis that is restricted to the intestinal tract, however, extraintestinal manifestations and postinfectious sequelae are also occasionally encountered. Common clinical symptoms among young adults are pseudoappendicitis and secondary immunological reactions which may lead to reactive arthritis and erythema nodosum (Huovinen et al., 2010; Virtanen et al., 2011) .
The species Y. enterocolitica consists of heterogeneous group of strains classified into 6 biotypes (1A, 1B, 2, 3, 4 and 5) and over 70 serotypes (Wauters et al., 1987) . Due to the presence of virulence plasmid (pYV) the strains of biotypes 1B and 2-5 are considered pathogenic. The serotypes O:3, O:5,27, O:8 and O:9 are most commonly associated with the human infections (EFSA, 2014) . The pathogenic potential of these bacteria resides on many essential virulence factors, encoded by genes located on both the virulence plasmid and chromosome. Major virulence determinants include lipopolysaccharide (LPS), specific adhesion and invasion proteins (Ail, Inv, YadA), as well as Type III Secretion System (T3SS) with its effector proteins (YopE, YopH, YopM, YopO, YopP, YopT) . It is well established that the biosynthesis and expression of these factors undergo specific and precise regulation that takes place at both the transcriptional and translational levels, yet the regulation mechanisms are still poorly understood (Schiano and Lathem, 2012) .
One of the newly discovered post-transcriptional regulatory circuits is based on small regulatory RNAs (sRNAs). Most sRNAs are within the range of nucleotides in length and they regulate specific mRNA targets either by modulation of mRNA stability and/or by altering the access of mRNA to ribosomes (Livny and Waldor, 2007; Murina and Nikulin, 2015) . Hfq, an RNA chaperone required for maintaining the stability and function of many sRNAs, has been recognized as a central component of global post-transcriptional regulation network (Vogel and Luisi, 2011) . It interacts by binding AU-rich sequences of target mRNA and enables pairing of sRNA and target mRNA. Hfq-dependent sRNAs usually act on trans-encoded mRNA and repress translation and/or accelerate degradation, yet mRNA activation is also possible. Recent studies using coimmunoprecipitation and subsequent detection of sRNAs and mRNAs led to identification of a large number of Hfq targets present in different bacterial species (Zhang et al., 2003; Sittka et al., 2008; Chao et al., 2012; Bilusic et al., 2014) .
Hfq typically exerts its function through interactions with sRNAs. A deep RNA-sequencing approach identified ca. 150 sRNAs in Yersinia pseudotuberculosis and 31 in Y. pestis (Koo et al., 2011; Beauregard et al., 2013; Schiano et al., 2014; Nuss et al., 2015) . Another approach based on cDNA-cloning allowed verification of 43 novel sRNAs from Y. pestis (Qu et al., 2012) . For these species, the sRNA expression under different conditions and their role in bacterial virulence was studied (Koo et al., 2011; Yan et al., 2013) and it was observed that some sRNAs, although conserved in both Yersinia species, displayed different functions suggesting evolutionary changes in sRNA regulation networks of these two species (Koo et al., 2011) . In addition, it was found that the effect of the inactivation of the hfq gene can be either direct or indirect the latter via alterations in the expression of different regulators. In this respect, indications of interactions between the Hfq and Csr regulatory systems have been observed with different bacterial species. For example, in Y. pseudotuberculosis Hfq activates the expression of CsrB and CsrC, two sRNA molecules that repress the expression of CsrA (Heroven et al., 2012; Bucker et al., 2014) . Also, in E. coli CsrA can bind to hfq mRNA and inhibit translation by blocking the ribosome binding site (Baker et al., 2007) . However, the effects of Hfq-inactivation always seem to be unique for each bacterial species. Due to its pleiotropic nature, many different defects were observed among Hfqdeficient strains: impaired growth, inability to cope with different types of environmental stresses, higher susceptibility to antimicrobial agents, defects in quorum sensing and host invasion. It has been proposed that the Hfqdeficient strains might be used as live attenuated vaccines as the virulence of the hfq mutants of many pathogens is highly reduced (Geng et al., 2009; Schiano et al., 2010; Chao and Vogel, 2010; Hayashi-Nishino et al., 2012) .
A recent study showed that Hfq has a profound influence on the fitness of Y. enterocolitica serotype O:8 strain by affecting the metabolism of carbohydrates, nitrogen, iron, fatty acids and ATP synthesis (Kakoschke et al., 2014) as well as the expression of several adhesins (Kakoschke et al., 2016) . Moreover, the inactivation of the hfq gene of the O:8 strain led to slower bacterial growth, decreased resistance to stress and impaired synthesis of urease, yersiniabactin, and biofilm formation (Kakoschke et al., 2014) . It was also shown that Hfq is essential for virulence in mice, and while it did not affect the production of Yops it was needed for proper translocation of T3SS effector proteins into host cells (Kakoschke et al., 2016) . The hfq mutant of Y. pseudotuberculosis presented hypermotility and increased production of a biosurfactant-like substance. Furthermore, it displayed decreased survival in macrophages, affected biofilm formation, impaired production of T3SS effector proteins and was highly attenuated in mouse model infection (Schiano et al., 2010; Bellows et al., 2012) . Also in Y. pestis Hfq was implicated in the persistence inside of macrophages and resistance to stress, and likewise, the inactivation of the hfq gene led to attenuation (Geng et al., 2009) .
The Y. pseudotuberculosis RovM (for regulator of virulence) is ca. 70% identical to the E. coli LysR homologue A (LrhA) that functions as a global transcriptional regulator of genes related to motility, chemotaxis and flagella synthesis. LrhA is known to interact directly with the promoter of the flhDC genes and to autoregulate the lrhA gene promoter, and thereby to affect indirectly the genes that are under the control of the FlhDC master regulon (Lehnen et al., 2002) . Moreover, in E. coli LrhA affects the levels of stationary-phase sigma factor r S (RpoS) (Gibson and Silhavy, 1999; Peterson et al., 2006) . In other bacteria, the LrhA homologs are known under diverse names and functions. The PecT of Erwinia chrysanthemi and HexA of Erwinia carotovora are 75-79% identical to LrhA, and were implicated to regulate several virulence determinants (Castillo and Reverchon, 1997; Harris et al., 1998) . In Y. pseudotuberculosis RovM requires H-NS to repress the invasin regulator RovA (Heroven and Dersch, 2006) . Similar to lrhA also the rovM gene is autoregulated and this involves the RNA-binding protein CsrA through an unknown mechanism (Heroven et al., 2008) . Finally, the RovM homolog of Y. enterocolitica O:3 is 88% identical to RovM of Y. pseudotuberculosis and ca. 70% identical to LrhA of E. coli.
In this study we used RNA-sequencing (RNA-seq) and quantitative proteomics (LC-MS/MS) to identify Hfq-dependent mRNAs and proteins of Y. enterocolitica serotype O:3, and to elucidate the role of this chaperone in the physiology and virulence of the pathogen. We show that deletion of hfq led to profound changes in gene and protein expression profiles, as well as to alterations in physiology and pathogenicity. Moreover, we report that several alterations in the hfq mutant were mediated by overexpression of RovM.
Results

Transcriptomic and proteomic profiling
To detect genes regulated directly or indirectly by Hfq, deep RNA-seq analysis was performed for Y. enterocolitica serotype O:3 wild type strain 6471/76 (hereafter designated as YeO3) and its isogenic hfq-deficient derivative YeO3-hfq::Km. Total RNA was isolated from two biological replicas of bacteria grown in lysogeny broth (LB) to logarithmic phase (OD 600 5 0.6) at room temperature (RT, 228C) and at 378C. Genes were considered to be significantly differentially expressed between the strains if the fold change (FC) in the normalized number of aligned sequence reads was >2, and the P-value of Student's t-test was <0.05 (see Experimental procedures). Under these relatively stringent criteria, the transcription of 346 genes at RT and 541 genes at 378C, i.e. ca. 8 and 12.5% of the Y. enterocolitica genes, respectively (Table 2, Supporting Information Tables S2 and  S4) were altered in the hfq mutant. At RT, of the 346 genes 214 genes were down-and 132 up-regulated (Supporting Information Table S1 ), and at 378C, of the 541 genes, 96 were down-and 445 up-regulated (Supporting Information Table S2 ). A total of 95 genes were differentially expressed both at RT and 378C; 27 showed down-and 59 up-regulation (Supporting Information  Table S3 ). For 9 genes opposite changes took place depending on the growth temperature (indicated by exclamation marks in Supporting Information Table S3) .
A subset of transcriptomics results was validated by quantitative RT-qPCR using newly isolated RNA. The RT-qPCR results were in perfect agreement with the RNA-seq data (Supporting Information Table S4 ), confirming the reliability of the RNA-seq results.
Total proteome samples in three biological replicas from the YeO3 and YeO3-hfq::Km strains, grown under exactly same conditions as for RNA-seq, were prepared for quantitative LC-MS/MS proteomic analysis. Also here the difference in protein abundance was considered significant if the FC was >2 with a P-value <0.05. Altogether 1570 (36.10%) of the 4349 proteins annotated for Y. enterocolitica serotype O:3 strain Y11 were identified from bacteria grown at 378C. Out of them 119 proteins (7.58%) were differentially expressed; 101 (84.87%) over-and 18 (15.13%) under-expressed (Supporting Information Table S5 ). From bacteria grown at RT, on the other hand, altogether 1923 (44.22%) proteins were identified. Of these, 110 (5.72%) were differentially expressed; 69 (62.73%) over-and 41 (37.27%) under-expressed (Supporting Information Table S6 ). While the expression of altogether 212 different proteins was affected in the YeO3-hfq::Km strain, differential expression of 195 of them took place only at one of the growth temperatures. Only 17 of the proteins showed significant differences in abundance at both temperatures; fifteen were over-expressed and two, underexpressed. Nine of these Hfq-dependent proteins belonged to the metabolic pathways.
Taken together, the transcriptomic and proteomic profiling revealed profound differences in the expression of genes between the YeO3 and YeO3-hfq::Km strains with more affected genes in bacteria grown at 378C than at RT. Based on the RNA-seq data, temperature in wild type bacteria does not regulate hfq expression thus making it unlikely that the distribution of the affected genes between the two temperatures would be due to differences in Hfq baseline levels. Furthermore, both transcriptomics and proteomics demonstrated that >80% of the differentially expressed genes at 378C were up-regulated. However, when bacteria were grown at RT the proteomics and transcriptomics data were not congruent as in RNA-seq most differentially expressed genes were down-regulated while in proteomics most differentially expressed proteins were up-regulated (Table 1) .
The correlation between proteomics and transcriptomics analyses
Supporting Information Tables S5 and S6 list all the proteins with differential abundance identified in the proteomics analysis. We wanted to know whether this would correlate to the corresponding transcript levels. This was the case with ca. 47 and 69% of the proteins showing different abundance in LC-MS/MS study for bacteria grown at RT and 378C, respectively, using the stringent criteria for differential expression. In bacteria grown at 378C altogether 119 proteins had differential abundance (Supporting Information Table S5) , and for 82 (69%) of them the transcriptomics results were concordant, but only 25 met the stringent criteria of differential expression in transcriptomics. The remaining 57 did not meet the stringent criteria used in the transcriptomics analysis. Altogether 36 proteins with significantly different protein abundance had an opposite but not significant pattern of gene expression. Finally, only one protein, succinate dehydrogenase flavoprotein subunit (YP_006005361.1) showed significantly different pattern of expression in both the transcriptome and proteome analyses under these conditions (Supporting Information  Table S5 ).
In bacteria grown at RT, 110 proteins had differential abundance (Supporting Information Table S6 ). The RNA-sequencing and LC-MS/MS results were congruent for 52 (47%) of the proteins with differential abundance (Supporting Information Table S6 ). For 40 proteins (36%) the transcriptomics was congruent but did not meet the stringent criteria for differential expression. Only 18 (16%) of the proteins with significantly different protein abundance showed an opposite pattern of gene expression, and out of these, only 2 genes, a putative sugar ABC transporter (YP_006005189.1) and the hemin transport protein HmuS, were considered to be significantly differentially expressed in both proteomics and transcriptomics studies (Supporting Information  Table S6 ).
Functional classification of differentially expressed genes
Functional classification based on the Gene Ontology genome annotation of Y. enterocolitica Y11 (http://www. geneontology.org/) showed that differentially regulated genes were scattered among different functional classes (Fig. 1) . The class of genes coding for the metabolic pathway enzymes was the best represented class accounting for 29.8% and 37.3% of all Hfq-dependent genes at RT and 378C respectively. In all functional classes, except for the motility and biofilm class where all the genes were down-regulated, both up-and downregulation patterns were observed. Many of the differentially regulated genes encode inner or outer membranebound proteins that belong to the cell envelope and transporter/binding proteins classes, suggesting changes in the bacterial surface. Moreover, functional classification indicated that the iron metabolism of the YeO3-hfq::Km strain was differentially regulated.
Comparison of quantitative proteomic and transcriptomic results showed coherent patterns of differential regulation of several functional pathways (Table 2) . Several outer membrane proteins including OmpX, OmpC, OmpF, OmpW and EnvZ were overexpressed in YeO3-hfq::Km especially at 378C. Moreover, overexpression of the Cpx system components was observed in YeO3- hfq::Km. The Cpx system in E. coli functions as a stress response system that is induced upon damage to the cell envelope leading to subsequent activation of proteases and folding catalysts (Dorel et al., 2006) . Many phosphotransferase (PTS) systems turned out to be either up-or down-regulated in YeO3-hfq::Km. The PTS systems consist of two cytoplasmic energy-coupling proteins and different carbohydrate-specific enzymes that catalyze carbohydrate translocation and phosphorylation. The PTS system optimizes the utilization of carbohydrates present in the environment through changes in the phosphorylation status of its components. Furthermore, in many bacteria the PTS systems with associated proteins have also been implicated in catabolite repression, inducer control and chemotaxis (Kotrba et al., 2001) . In the present study, the b-glucoside, fructose, glucitol/sorbitol, glucose, mannitol, mannose and N-acetylgalactosamine-specific enzymes were overexpressed in the YeO3-hfq::Km strain grown at 378C. At RT only the enzymes involved in glucitol/sorbitol, glucose and mannitol utilization showed significant upregulation. On the other hand, the cellobiose and chitobiose-specific PTS systems seemed to be significantly down-regulated in YeO3-hfq::Km grown at RT.
Influence of Hfq on the abundance of sRNAs
Due to the fact that Hfq functions as a chaperone of sRNAs, the differences in abundance of these molecules were investigated. Based on data obtained from the repository for bacterial sRNA (Li et al., 2013) for the serotype O:8 a list of predicted 27 sRNAs was prepared (Supporting Information Table S7 ). Subsequently, the sequences of these sRNAs were compared against the genomic DNA of Y. enterocolitica Y11 and the expression of selected regions was verified using the RNA-seq data. The analysis showed that six sRNAs were affected by the lack of Hfq under at least one condition (Supporting Information Fig. S1 ). Two of them (csrB and csrC) that have been implicated in the global carbon storage regulatory system (Liu and Romeo, 1997) , were downregulated under all studied conditions. CsrB and CsrC regulate the activity of CsrA, an RNA-binding protein, by sequestering its binding sites and thus preventing it from binding to its target mRNAs (Romeo, 1998; Weilbacher et al., 2003) . Moreover, the expression of gcvB, encoding a sRNA shown to repress the dppA gene in Y. pestis (Koo et al., 2011) , and fnrS was downregulated at 378C. Whereas, two sRNA species, rrpA and sroB, were more abundant in the YeO3-hfq::Km strain. In other bacterial species gcvB, fnrS and sroB are known to interact with Hfq protein (Rasmussen et al., 2009; Durand and Storz, 2010; Chao et al., 2012) Influence of Hfq on transcriptional regulators Interestingly, the expression of transcriptional regulators OmpR, RovA, PhoB, RovM and RpoS were altered in YeO3-hfq::Km. While the ompR and rovM genes were up-regulated (more strongly at 378C, even 40-fold for rovM in RNA-seq), the phoB, rovA and rpoS were downregulated (Table 2) . One could then speculate that certain phenotypic changes in YeO3-hfq::Km were due to changes in the expression levels of these regulators. Indeed, the loss of Hfq affected the RovA regulon in a similar way as loss of rovA including the downregulation of hemin genes, flgN, cutC and upregulation of ompF, ompW, ompX, and gltJ (Cathelyn et al., 2007) .
The overexpression of RovM in hfq mutant
Overexpression of RovM in YeO3-hfq::Km was clearly demonstrated by both transcriptomics and proteomics in this work and confirmed by RT-qPCR ( Fig. 2A ; Table 3 and Supporting Information Table S4 ). While the RovM protein level in wild type bacteria grown at 378C was too low to allow its detection by mass spectrometry, it was clearly identified from all the YeO3-hfq::Km samples ( Fig. 2A) . At RT both RNA-seq and proteomics indicated a 8-9-fold overexpression, however, at 378C RNA-seq indicated a 39.8-fold overexpression ( Table 2) .
As RovM homologues are transcriptional regulators in other bacteria we wanted to elucidate its role as a regulator in Y. enterocolitica O:3. We used a genetic approach to assess which phenotypic features of YeO3-hfq::Km resulted of the subsequent overexpression of RovM. In strain YeO3-rovM the rovM gene was inactivated, in the double-mutant strain YeO3-rovM-hfq::Km both the rovM and hfq genes were inactivated and in strain YeO3/pMMB207-rovM the rovM gene was under an IPTG-inducible promoter. The phenotypes of these strains were compared to those of the wild type and YeO3-hfq::Km strains as described next.
Due to the fact that many of the RovM homologs tightly control their own synthesis the regulation mechanism of RovM expression was assessed. The 300 bp long fragment upstream of the rovM gene showed 83% identity with equivalent region of Y. pseudotuberculosis and Y. pestis. However, the lrhA regulatory region of E. coli showed no significant similarity with that of Y. enterocolitica O:3. In order to verify the presence of autoregulation mechanism in Y. enterocolitica the rovM promoter fragment was cloned into the promoter reporter vector pLux232oT (see Experimental Procedures for details) and luminescence was measured in different strains (Fig. 2B ). Light production in YeO3-rovM/pLux232oT-ProvM bacteria was about half of that in YeO3/pLux232oT-ProvM bacteria. In contrast, overexpression of RovM in YeO3/pMMB207-rovM, pLux232oT-ProvM resulted in over 10-fold increase in light production. Moreover, the rovM promoter showed no activity in E. coli background. Overall, these results indicate the presence of an autoregulatory circuit for the Y. enterocolitica O:3 rovM gene. In order to determine whether the overexpression of the rovM gene in the hfq mutant is mediated through CsrA, the csrA gene was overexpressed in the wild type strain (YeO3/pMMB207-csrA). The RT-qPCR results showed that the abundance of the csrA transcript in YeO3-hfq::Km and YeO3/pMMB207-csrA strains was comparable. At RT, the CsrA overexpression in both the hfq mutant and wild type bacteria activated strongly the transcription of the rovM gene (9.42 6 1.90 and 8.86 6 0.92-fold, respectively) and repressed the rovA transcription (0.22 6 0.01 and 0.55 6 0.02-fold, respectively). We also demonstrated using the rovM promoter reporter construct plux232oT-ProvM that the CsrA overexpression increased the rovM promoter activity ca. 2-fold (Fig. 2B) .
In order to determine the influence of the RovM overexpression on the gene expression in YeO3-hfq::Km mutant the transcriptomes of the YeO3-rovM and YeO3/ pMMB207-rovM bacteria were determined and compared. The analysis showed that in Y. enterocolitica 55 genes are under direct or indirect regulation of RovM (Table 3 ). The comparison between the transcriptomes of the YeO3/pMMB207-rovM and YeO3-hfq::Km bacteria showed general coherence in the expression of these 55 RovM-regulated genes. In both the strains the elevated levels of RovM resulted in higher levels of several transcripts including outer membrane protein X, three members of the PTS system, and several other enzymes. Moreover, in both the strains the expression of rovA and rpoS was significantly repressed. However, for five genes including the malE and malM genes from the maltose operon, an opposite pattern of expression was observed.
Influence of hfq on growth in vitro
Inactivation of the hfq gene in Y. enterocolitica O:8 and in Y. pseudotuberculosis caused slower growth in vitro (Schiano et al., 2010; Kakoschke et al., 2014) . In line with this, the growth curves of the YeO3-hfq::Km bacteria in BHI broth were influenced at all tested temperatures (4, 22, 37 and 428C) ( Fig. 3A-D) , and also the stationary phase OD 600 values of the mutant bacteria were clearly below those of the wild type bacteria (Fig. 3E ). The growth defect was most prominent at 4 and 378C ( Fig. 3B and C) . The growth curves of the in trans complemented strain YeO3-hfq::Km/phfq were almost identical to those of the wild type bacteria, although it reached stationary phase a little later than the wild type strain. These minor differences were likely due to plasmid-copy number effects. To determine whether the growth defect was mediated by the overexpression of RovM, the growth curves of the rovM mutant strains were also determined. While the YeO3-rovM strain showed no growth defects (data not shown), overexpression of RovM in YeO3-hfq::Km appeared to be partially responsible for the growth defect of the hfq mutant. The double-mutant YeO3-rovM-hfq::Km grew faster at all tested temperatures when compared to the YeO3-hfq::Km bacteria, however, not as well as the wild type bacteria (Fig. 3A-D) . Interestingly, the overexpression of rovM from the pMMB207-rovM plasmid did not cause any significant changes in the bacterial growth (data not shown). The growth phenotypes of the strains in LB and in BHI showed no difference except for the YeO3-rovM-hfq::Km strain which grew slower at 48C in LB than in the rich BHI medium (data not shown). Taken together, these results showed that the loss of Hfq led to a growth defect in Y. enterocolitica O:3 and that this was at least partially due to overexpression of RovM.
Colony and cell morphology
In Y. enterocolitica serotype O:8, the inactivation of the hfq gene caused altered colony morphology (Kakoschke et al., 2014) . While all the O:3 strains in this study had similar colony morphologies on LB plates at 228 and 378C, after 48 h incubation on CIN agar at RT the YeO3-hfq::Km strain formed small, dry and dark colonies surrounded by dark violet halo. This phenotype appeared to be completely caused by the overexpression of RovM as the double-mutant YeO3-rovM-hfq::Km produced typical pink bull's eye colonies (Supporting Information Fig. S2A and B). In coherence with the RNA-seq results, where YeO3-hfq::Km mutant displayed overexpression of genes involved in metabolism of mannitol, the growth on mannitol and CIN agar plates was affected. During the growth on mannitol plates both YeO3-hfq::Km and YeO3/pMMB207-rovM bacteria displayed larger halo surrounding the bacterial growth indicating higher rates of acidification of the medium (Supporting Information Fig. S2C ). To find out whether the colony morphology was associated with the bacterial cell morphology, the bacterial cells were studied by electron microscopy (EM). Bacteria grown overnight at RT in tryptone broth (TB) medium (with gentle shaking) or on 0.3% TB agar plates were collected for EM analysis. In line with previous reports (Chao and Vogel, 2010; Kakoschke et al., 2014) , the YeO3-hfq::Km bacterial cells from both the solid and liquid media were significantly (P 5 2.19 3 10 233 ) elongated. The average length of wild type bacterial strain cells was 0.96 6 0.15 mm, whereas that of YeO3-hfq::Km was 1.89 6 0.32 mm. (Fig. 4) . The double-mutant YeO3-rovM-hfq::Km cells retained the elongated cell morphology of YeO3-hfq::Km and the cells of YeO3-rovM were identical to those of wild type bacteria. Moreover, the YeO3-hfq::Km bacteria were visibly more dispersed when compared with wild type and did not form aggregates (Supporting Information Fig. S3 ). The cell morphology of the transcomplemented strain YeO3-hfq::Km/phfq was normal. Overall, the above results indicated that the YeO3-hfq::Km strain colony morphology but not the bacterial cell shape was due to the RovM overexpression.
Motility and biofilm production
Loss of Hfq impairs the motility of many bacterial species (reviewed in Chao and Vogel, 2010) . As LrhA affected in E. coli the expression of flhDC encoding the master regulator of flagella biosynthesis (Lehnen et al., 2002) , we decided to evaluate the impact of Hfq and RovM on swimming motility using the constructed set of strains. In line with earlier results (reviewed in Chao and Vogel, 2010) , the YeO3-hfq::Km strain displayed decreased motility when tested on 0.35% agar TB plates while the wild type, YeO3-hfq::Km/phfq and YeO3-rovM-hfq::Km Values are displayed as ratios that represent the mRNA abundance in YeO3/pMMB207-rovM strain compared with the YeO3-rovM mutant. Values >1 show increase and numbers <1, decrease in the abundance of respective mRNAs. The corresponding YeO3-hfq::Km to wild type ratios are presented on the right hand columns strains were motile (Fig. 5A ). To determine whether the reduced motility on soft agar plates was due to flagellation defect, flagellin levels were evaluated by immunoblotting using anti-flagellin mAb 15D8 (Fig. 5B) . Indeed, the flagellin production of YeO3-hfq::Km was repressed while normal levels were present in the wild type, YeO3-hfq::Km/phfq and YeO3-rovM-hfq::Km bacteria. Hence, the results indicate that the impairment in motility of YeO3-hfq::Km strain is due to the overexpression of RovM that represses the production of flagellin.
As flagellae and fimbriae are involved in biofilm formation, the role of Hfq and RovM in the biofilm development was assessed. Bacteria were incubated statically at RT for 72 h in polystyrene microtiter plate wells and attached bacteria quantified using the crystal violet assay. The wild type strain biofilm formation was most pronounced in M9 medium, followed by MedECa and least in TB. In all media, the YeO3-hfq::Km bacteria formed significantly less biofilm than wild type bacteria, and no biofilm in MedECa and TB (Fig. 5C) . In all the studied media the MedECa and M9, respectively), presumably due to copy number effect. Overall, the RovM overproduction appeared to be responsible for the impairment of biofilm formation in the hfq mutant strain YeO3-hfq::Km.
Influence of RovM on RpoS and RovA expression
In E. coli LrhA represses the rpoS gene encoding the stationary phase sigma factor RpoS or r 38 (Peterson et al., 2006) . The transcriptomics and proteomics results indicated that inactivation of the hfq gene led to a decrease in the abundance of RpoS in Y. enterocolitica O:3 (Table 2) . Moreover, the RNA-seq analysis revealed that the RovM overexpression from the pMMB207-rovM plasmid also resulted in decreased levels of rpoS transcript (Table 3) . However, it is worth noting, that the sequencing was conducted for RNA isolated from bacteria growing in the logarithmic phase, whereas the stationary phase is the most optimal for RpoS expression. Therefore, we used immunoblotting to monitor at stationary phase the RpoS levels in wild type, YeO3-hfq::Km, YeO3-hfq::Km/phfq and YeO3-rovM-hfq::Km bacteria. The results showed that the loss of hfq repressed the rpoS gene and decreased the level of r 38 , however, this was not reversed in the double mutant YeO3-rovMhfq::Km (Fig. 6A) . The RpoS levels were restored in the trans-complemented strain YeO3-hfq::Km/phfq. RovA is a transcriptional regulator of the MarR/SlyA family and its role in the virulence of Yersinia has been established (Revell and Miller, 2000; Cathelyn et al., 2006; Lawrenz and Miller, 2007) . In Y. pseudotuberculosis RovM interacts specifically with the regulatory region of the rovA gene negatively regulating its transcription (Heroven and Dersch, 2006) . In order to evaluate the influence of RovM on the rovA transcription in Y. enterocolitica O:3 a quantitative RT-PCR was performed. Results showed that considerably more rovA transcript was detected in rovM negative strains, while overexpression of RovM resulted in decreased rovA mRNA abundance (Fig. 6B) . Moreover, while there was a significant (P 5 0.004) decrease in the rovA transcription in the YeO3-hfq::Km mutant, the knock-down of rovM gene in the hfq negative background restored and even increased the abundance of the rovA transcripts. Taken together, our results indicated that in Y. enterocolitica O:3 RovM functions as a repressor of rovA and that the decreased rovA expression in YeO3-hfq::Km mutant is mediated by the overexpression of RovM.
Resistance to environmental stresses
During infection the Y. enterocolitica bacteria must resist the different stresses imposed by the host innate immune system and react adequately to the changes in the environment. Since inactivation of the hfq gene is highly pleiotropic it is also essential for virulence (reviewed in Chao and Vogel, 2010) . Therefore we assessed the YeO3-hfq::Km strain in several virulence-related stress experiments. The YeO3-hfq::Km bacteria were heat-sensitive in line with the impaired growth at 428C (Fig. 3D) ; the mutant in contrast to wild type bacteria showed low survival rates after the exposure to 558C (Fig. 7A) . The heatsensitivity was not caused by overexpression of RovM as the double-mutant YeO3-rovM-hfq::Km was also heatsensitive. Heat-resistance was restored in the transcomplemented strain YeO3-hfq::Km/phfq. The YeO3-hfq::Km bacteria showed decreased ability to survive in acidic environment that mimics the passage through the stomach (Fig. 7A) . Urease has been associated with acid-tolerance (De Koning-Ward and RobinsBrowne, 1995; Gripenberg-Lerche et al., 2000) , and as both proteomics and transcriptomics (Table 2) indicated repression of the urease operon in YeO3-hfq::Km we assessed the urease activity of the strains. Indeed, YeO3-hfq::Km was urease-negative while the wild type and YeO3-hfq::Km/phfq strains were urease-positive ( Fig.  7B and Supporting Information Fig. S4 ). Repression of urease activity was not due to overexpression of RovM as the double-mutant YeO3-rovM-hfq::Km was ureasenegative. However, the YeO3-rovM-hfq::Km strain presented intermediate tolerance to pH 2.5 (Fig. 7A ) that is in line with the transcriptomic study that showed downregulation of the urease alpha-and beta-subunits in the YeO3/pMMB207-rovM strain (Table 3) .
Mouse virulence
Finally, the virulence of YeO3-hfq::Km was tested in experimental mouse infection using the co-infection Table  S9 ), while all the wild type-infected mice survived. There were no significant differences in the numbers of bacteria recovered on day 5 post-infection from the different organs of the 5 day surviving mice infected with wild type or YeO3-hfq::Km bacteria. Interestingly, the spleens of all these surviving i.p. infected mice were almost 3-fold bigger that those of the i.g. infected mice (Supporting Information Table S10 ). The very early death of the YeO3-hfq::Km and YeO3-rovM-hfq::Km but not the wild type bacteria-infected mice suggested that it could be due to endotoxic shock caused by LPS released from degrading bacteria. In immunoblotting analysis we did not find any differences in the presence and amount of LPS on the surface of the bacterial cells (data not shown). The altered cell morphology of the mutant bacteria could indicate cell wall defects, therefore, we determined the amount of LPS released into medium from the bacteria under vigorous shaking (Supporting Information Fig. S5 ). Dotblotting demonstrated that 2-4 fold more LPS was released from the YeO3-hfq::Km and YeO3-rovMhfq::Km bacteria when compared to wild type bacteria Fig. S11 . B. The relative levels of rovA expression in mutant bacteria compared to that of wild type bacteria (expressed as ratios when wild type value was set to 1) were determined by quantitative RT-PCR using the total RNA isolated from bacteria grown at 378C. The error bars show standard deviations. The statistical significances between the strains are indicated above the bars, ** P 0.01, *** P 0.001, **** P 0.0001. (Supporting Information Fig. S5, panel A) . The endotoxin levels in the PBS supernatants measured by the Endosafe PTS system corroborated the dot-blotting (Supporting Information Fig. S5, panel B) . The fragility of the mutant cell walls was further demonstrated by their increased susceptibility to SDS (Supporting Information Fig. S6 ). The endotoxicity of LPS depends on the lipid A acylation pattern such that penta-and hexaacylated lipid A is far more endotoxic than tetra-acylated lipid A (Trent et al., 2006; Reines et al., 2012) . As an immune-evasion strategy, to avoid endotoxicity, Y. enterocolitica deacylates its lipid A at 378C by the activity of LpxR (Y11_05741) (Reines et al., 2012) . The transcriptomics revealed that the lpxR gene is 5-fold overexpressed at 378C in the YeO3-hfq::Km bacteria (Supporting Information Table S2 ). Indeed, the structural analysis of the lipid A structure revealed differences between the wild type and hfq mutant bacteria grown at 378C (Supporting Information Fig. S7 ). The results indicated that inactivation of the hfq gene actually increased the rate of deacylation of lipid A (i.e. reduced its endotoxicity), whereas the lipid A structure in the hfq-rovM double mutant was reversed to that of the wild type bacteria.
Discussion
In this study we combined two global approaches targeted at the identification of Hfq-dependent mRNAs (RNA-seq) and proteins (LC-MS/MS) to better understand the role of this RNA-chaperone in the physiology and virulence of Y. enterocolitica O:3. Here we show that several alterations typical for the hfq-negative phenotype were actually mediated by the overexpression of the transcriptional regulator RovM.
The role of Hfq in Yersinia species
Our results demonstrated that several hundred genes in Y. enterocolitica O:3 are either directly or indirectly regulated by Hfq. Similarly, high numbers of affected genes were identified for hfq mutants of Salmonella enterica and Y. pestis (Sittka et al., 2008; Geng et al., 2009 ). This indicates that Hfq plays an important role in gene regulation of Y. enterocolitica O:3. The data also showed that most of the differentially regulated genes were upregulated at 378C. The results further showed that Hfq plays an important role for sugar metabolism, stress response, maintenance of outer membrane structure and for urease activity. The importance of Hfq as a post-transcriptional regulator was demonstrated by the fact that the abundance of numerous proteins was significantly altered even though no corresponding change was seen in transcriptomics (Supporting Information  Tables S5 and S6 ). As many posttranscriptional and posttranslational mechanisms affect the protein abundances very seldom a 100% correlation between transcriptomics and proteomics is reached. Therefore we conclude that our results demonstrate the important role of Hfq as a post-transcriptional regulator.
In some cases a significant up-or down-regulation was only listed for one gene in an operon. Apparently, in some cases the stringent inclusion criteria had excluded some genes due to insufficient P-value (examples presented in Supporting Information Fig. S8 ). Thus, it is very likely that the total number of differentially expressed genes is an underestimate. However, it was previously shown that sRNAs can influence the regulation of operon transcription resulting in changes of the transcript length (Mellin et al., 2014) . Thus it is possible, that some of the operons showing discrepancies in the regulation of their genes are significant results that are affected by the loss of sRNA chaperone.
In other pathogenic Yersinia loss of Hfq has resulted in a growth defect. The YeO3-hfq::Km mutant presented similar growth pattern as the serotype O:8, showing an intermediate phenotype between marginally affected Y. pseudotuberculosis and notably impaired Y. pestis (Geng et al., 2009; Schiano et al., 2010; Kakoschke et al., 2014) . We also observed alterations in the bacterial metabolism such as utilization of mannitol visualized as different growth phenotype on CIN agar and mannitol plates, similar to the phenotypes of Y. enterocolitica O:8 Table S8 ).
hfq mutant (Kakoschke et al., 2014) . This phenotype was fully reverted in the YeO3-rovM-hfq::Km double mutant bacteria. The comparison of proteomic studies between the serotypes O:3 and O:8 showed an increase in abundance of several protein chaperones and proteases indicating induction of the stress pathways. Moreover, both serotypes showed alterations in iron and propanediol metabolism (Kakoschke et al., 2014) . Both in Y. enterocolitica O:3 and in Y. pestis, loss of Hfq decreased the expression of universal stress proteins, however, an opposite pattern was observed on heat shock protein expression (Geng et al., 2009) . In coherence with the other Yersinia sp. (Geng et al., 2009; Schiano et al., 2010; Kakoschke et al., 2014) , and some bacteria from other genera (Guisbert et al., 2007; Sittka et al., 2007) , we demonstrated that the Hfq of Y. enterocolitica O:3 is involved in resistance to environmental stresses. Also, in line with Kakoschke et al., we observed repression of the urease genes ( Fig. 7B and Supporting Information Fig. S6 ) that contributes to the reduced resistance to acidic pH (Kakoschke et al., 2014) . Moreover, for the Y. enterocolitica serotype O:8 an increase in abundance of three RovA-repressed proteins, i.e. OmpX, OppA and TnaA, was reported, whereas in Y. pestis the expression of rovA was upregulated (Geng et al., 2009; Kakoschke et al., 2014; Kakoschke et al., 2016) . However, our results showed that unlike in serotype O:8, in serotype O:3 the loss of Hfq does not cause significant changes in the structure of LPS O-antigen (Kakoschke et al., 2016) . Here, we showed that in Y. enterocolitica O:3, in fact, Hfq together with RovM plays a role in rovA regulation. In all pathogenic Yersinia species Hfq is crucial for virulence demonstrated by severe attenuation of the hfq mutant in mouse infection experiments (Geng et al., 2009; Schiano et al., 2010; Lathem et al., 2014) . In contrast to Y. pseudotuberculosis (Schiano et al., 2010) , lack of Hfq in Y. enterocolitica O:3 caused impairment in bacterial motility and production of flagellin. Taken together, these results suggested that Hfq and its sRNA constellation exerts its gene regulation in a closely related manner between the two Y. enterocolitica serotypes, but has distinct dissimilarities between different Yersinia species.
Several hfq mutant phenotypes are indirect due to overexpression of RovM
Since the Hfq chaperone affects the global gene regulation it is assumed that some of the phenotypic features are indirect, due to alterations in the expression of different regulators. In this study, we observed alterations in expression of both the regulators and the genes belonging to their regulons. The proteomic and transcriptomic analyses revealed decreased expression of genes belonging to the RpoS regulon (Patten et al., 2004) , including the osmotically inducible protein OsmY, the cell division protein BolA, the HdeD protein, the superoxide dismutase [Cu-Zn] and the glutamate decarboxylase (Supporting Information Tables S2-S5) . Analysis of the genes from the RovA regulon (Cathelyn et al., 2007) showed decrease in the abundance of hemin transport protein HmuS and copper transport protein CutC, whereas strong upregulation was observed for the outer membrane porins like OmpX and OmpW, and for the genes of the glutamine metabolic pathway. Furthermore, even though OmpR is known to positively regulate the expression of urease in Y. pseudotuberculosis and thus enhance its survival in acid environment (Hu et al., 2009) , we observed here an adverse effect. In spite of upregulation of the envZ and ompR genes, the activity of urease was significantly decreased, suggesting that also other factors are involved in regulation of urease biosynthesis in Y. enterocolitica O:3. PhoB regulates the phosphate starvation response (Gao and Stock, 2015) . The phoB gene was slightly repressed in the hfq mutant, and only one of the known PhoB targets (pstS) was affected and even that differently in proteomics and transcriptomics (Supporting Information Table S5 ).
In this study we also analyzed the effect of the RovM overexpression in the Hfq-negative background. In the RNA-seq analysis we identified 55 genes that are under direct or indirect regulation of RovM (Table 3 ). In addition, comparison of YeO3/pMMB207-rovM and YeO3-hfq::Km transcriptomes showed a similar pattern of expression of RovM-dependent genes confirming that RovM overexpression was indeed responsible for the changes in expression of these genes in YeO3-hfq::Km bacteria. Importantly, both strains presented significantly decreased abundance of the rovA transcript, further suggesting that the expression of this gene in Y. enterocolitica is RovM-dependent and that its strong repression in the hfq mutant was due to elevated levels of RovM. The inactivation of the rovM gene in YeO3-hfq::Km strain allowed us to elucidate which of hfq phenotypes were mediated by RovM. This approach showed that the growth defect, colony morphology on CIN agar and motility were due to overexpression of RovM.
It is known that in E. coli several Hfq-dependent sRNA species regulate positively and negatively the flhDC genes that encode for the master regulator of motility (De Lay and Gottesman, 2012) . In Y. enterocolitica the YenS sRNA was found to be a positive regulator of motility that acts through the modulation of YenI production. Moreover, the interplay between the levels of yenI and yenS led to either hypo-or hypermotility (Tsai and Winans, 2011) . In our study, the hfq gene deletion caused a hypomotile phenotype, which was reversed by subsequent knock-out of rovM. Moreover, the single rovM mutant was hypermotile (data not shown). This allowed us to conclude that the motility defect of the hfq mutant was mediated by the overexpression of RovM that repressed the flagella biosynthesis. It is possible that similarly to LrhA of E. coli, RovM interacts directly with the flhDC promoter (Lehnen et al., 2002) . However, it is likely that the regulation of motility is more complex process that involves cooperation between many sRNA species and regulators and thus, the accumulation of RovM is not the sole factor affecting the motility in the YeO3-hfq::Km strain. Furthermore, the defect of biofilm formation in YeO3-hfq::Km was reversed in the doublemutant YeO3-rovM-hfq::Km. As flagella are important for biofilm formation and contribute to both early attachment and maturation process (Reisner et al., 2003; Kim et al., 2008) it is likely that RovM affects the production of biofilm through repressing the flagellation. Interestingly, the trans-complemented strain YeO3-hfq::Km/phfq formed more biofilm than wild type bacteria in MedECa and M9. It is possible that the expression of hfq from the pTM100 plasmid resulted in higher than physiological abundance of Hfq that eventually led to opposite alterations in regulation of biofilm production (Kim et al., 2008; Raczkowska et al., 2011) .
Influence of Hfq on rovM regulation
In contrast to majority of the LysR-type regulators, but similar to rovM and hexA, the YeO3 rovM was also under positive autoregulation. With RovM and HexA no direct binding of the proteins to their respective promoter regions was detected (Harris et al., 1998; Heroven and Dersch, 2006) . Indeed, most of the LysR-type regulators interact with coeffectors -small molecules, mainly metabolites or intermediates of a biochemical pathway they regulate (Schell, 1993) . In addition, expression of rovM in Y. pseudotuberculosis is regulated by the Csr system (Heroven et al., 2008) .
The Csr system in bacteria consists of CsrA protein and two non-coding RNAs, CsrB and CsrC. CsrA is an RNA-binding protein that was shown to act as both positive and negative regulator of target mRNAs (Wei et al., 2001) . The regulatory RNAs antagonize the function of CsrA by binding to it and titrating it from the mRNA targets (Romeo, 1998; Weilbacher et al., 2003) . It was previously shown, that in Y. pseudotuberculosis the CsrA protein can induce the expression of RovM. Moreover, the non-coding CsrC RNA molecule is considered to participate in the medium-dependent control of rovM expression (Heroven et al., 2008) . In our study we observed downregulation of two non-coding RNAs showing homology to E. coli CsrC and CsrB. Neither the transcriptomic nor the proteomic analyses revealed any alterations in the abundance of the CsrA protein. Nevertheless, it is possible, that decrease in abundance of regulatory Csr-RNAs resulted in reduction of CsrA sequestration, therefore leading to an increase in the active (free) form of CsrA. Our results show that the CsrA overexpression in YeO3 indeed increased the rovM transcription. The similar abundance of the rovM and rovA transcripts in both the YeO3-hfq::Km and YeO3/pMMB207-csrA bacteria (grown at RT) indicates that CsrA mediates the derepression of the rovM gene in the hfq mutant. The CsrB and CsrC sRNAs do not depend on the Hfq protein (Sittka et al., 2008) , but the alterations in their abundance might be a result of changes in the bacterial metabolism. However, at 378C the CsrA overexpression resulted in only minor increase in the rovM transcript abundance indicating that other factors can also influence the rovM transcription. Considering the high conservation of the Csr-system and of the RovM sequences between Yersinia species, it is plausible that this regulatory network is shared between these species. Although the importance of the rovM promoter region in this regulation was shown, the study of Heroven et al. did not reveal the exact molecular mechanism of the rovM gene activation indicating that the influence of CsrA is most probably indirect and occurs through one or more transcriptional regulators (Heroven et al., 2008) . Other work based on transcriptome analysis revealed that a quorum-sensing regulatory protein EsaR could activate the expression of the lrhA gene of Pantoea stewartii (Ramachandran et al., 2014) . Therefore, it is possible that the activation of the rovM transcription is affected by additional regulator(s).
RpoS and resistance to environmental stresses
Optimal growth during the stationary phase and under unfavorable environmental conditions requires the alternative sigma factor RpoS (Tanaka et al., 1993; Badger and Miller, 1995) that in E. coli and Salmonella is Hfqdependent explaining to some extent the decreased resistance to different environmental stresses (Muffler et al., 1996; Brown and Elliott, 1996) . In E. coli LrhA was demonstrated to repress the RpoS translation by a mechanism that requires Hfq by repressing a positive sRNA-regulator (Peterson et al., 2006) . The translation of rpoS transcript is repressed by an extensive secondary structure present in its 5 0 untranslated region that sequesters the Shine-Dalgarno site (Brown and Elliott, 1997) . Four sRNAs are known to regulate the translation of rpoS, namely, DsrA, RprA and ArcZ that enhance the translation and OxyS, which negatively affects the RpoS Hfq and RovM in Yersinia enterocolitica O:3 1081 synthesis (Sledjeski et al., 1996; Zhang et al., 1998; Majdalani et al., 2002; Mandin and Gottesman, 2010) . The positive regulation occurs through binding of the sRNA to the 5 0 -leader region of rpoS thereby opening up the inhibitory structure and provides the access for the ribosome to the Shine-Dalgarno site. The BSRD repository for bacterial small regulatory RNA (http:// kwanlab.bio.cuhk.edu.hk/BSRD) identified two of these non-coding RNAs, RprA and ArcZ (SraH), from the genome of Y. enterocolitica O:3. The analysis of RNA-seq data revealed differential expression of RprA (Supporting Information Fig. S2 ), while the expression of ArcZ could not be unquestionably detected. Moreover, all these sRNA species utilize Hfq as a chaperone for efficient regulation of the RpoS synthesis (Sledjeski et al., 1996; Zhang et al., 1998; Majdalani et al., 2002; Mandin and Gottesman, 2010) . The decreased amount of RpoS protein observed in all hfq mutants of Y. enterocolitica O:3 could thus be due to the inhibition of translation initiation. Our results showed that both hfq mutation and overexpression of rovM led to a decrease in the abundance of rpoS mRNA in Y. enterocolitica O:3 ( Fig. 6 and Tables 2 and 3 ), yet the subsequent knockdown of rovM gene in YeO3-hfq::Km did not restore the synthesis of RpoS (Fig. 6) . Therefore, we conclude that in Y. enterocolitica O:3 overexpression of RovM represses the transcription of rpoS. However, as the knock-out of rovM in the hfq mutant was not enough to restore the synthesis of RpoS it is assumed that Hfq is needed for efficient translation of the rpoS transcript.
Our results showed, that similarly to RovM in Y. pseudotuberculosis and Y. enterocolitica O:8, RovM represses the rovA gene in Y. enterocolitica O:3 (Heroven and Dersch, 2006; Lawrenz and Miller, 2007) . In Y. enterocolitica serotype O:8 RovA controls the expression of inv, however, in serotype O:3 this regulation is prevented due to presence of an insertion sequence in the inv regulatory region (Uliczka et al., 2011) . It was shown that RovM in Y. pseudotuberculosis interacts specifically with certain DNA fragments, including a 30 bp regulatory region upstream of the rovA gene presumably leading to structural alterations of this region and resulting in prevention of transcription (Heroven and Dersch, 2006) .
We also showed that the YeO3-hfq::Km strain was more sensitive to heat, acid and oxidative stress in line with observations made with other bacterial species [reviewed in (Chao and Vogel, 2010) ]. Hfq-mediated adaptation to stress conditions is common in bacteria (Robertson and Roop, 1999; Torres-Quesada et al., 2014) and it is generally associated with increased abundance of Hfq-dependent RNAs (Moller et al., 2014) . It is likely that some stress phenotypes of YeO3-hfq::Km are due to changes in the RpoS levels. In Y. enterocolitica O:8 lack of RpoS caused sensitivity to oxidative stress, high osmolarity, low pH and starvation but did not affect the production of the virulence factors like Invasin, Ail, YadA and Yops (Badger and Miller, 1995; Iriarte et al., 1995) .
The role of Hfq in virulence
The YeO3-hfq::Km bacteria were significantly attenuated in i.g. infected mice, in line with hfq mutants of Y. pestis and Y. pseudotuberculosis (Geng et al., 2009; Schiano et al., 2010) and of other bacterial pathogens (reviewed in Chao and Vogel, 2010; Zeng et al., 2013; Michaux et al., 2014) . The hfq mutant could be partially complemented in trans. This may be due to loss of the complementing plasmid during the in vivo infection, as the experiment was conducted without any addition of antibiotics.
Interestingly, the YeO3-hfq::Km mutant bacteria were recovered from the organs of the one surviving mouse on day 5 post-infection in comparable numbers to the wild type bacteria (Supporting Information Table S9 ). Thus, one can speculate that the Hfq-dependent virulence properties appeared to play most important role during the oral infection route. Indeed, in order to pass through the stomach during the course of infection, Y. enterocolitica must be able to survive in low pH environment. Unlike in other acid-tolerant bacteria, the mechanism of acid tolerance in Yersinia is not multifactorial and depends mainly on the production of urease (De Koning-Ward and Robins-Browne, 1995; GripenbergLerche et al., 2000) . Missing of the urease activity, considered as an important virulence factor in the murine model (Gripenberg-Lerche et al., 2000) , is likely to attenuate YeO3-hfq::Km when the oral route of infection is used. However, as the inactivation of the hfq gene caused wide and pleiotropic changes in the bacterial physiology it is highly likely that also other factors are responsible for the attenuation observed in the YeO3-hfq::Km strain.
The early deaths of the i.p. YeO3-hfq::Km but not of the wild type-infected mice was intriguing and raised the speculation that this could be due to endotoxic shock. This speculation is supported by the decreased SDSresistance of the YeO3-hfq::Km bacteria (Supporting Information Fig. S6 ) and increased release of endotoxin to culture supernatant (Supporting Information Fig. S5 ). These findings as well as the significant alterations in the abundance of membrane proteins indicated that the outer membrane of YeO3-hfq::Km bacteria might be compromised. This is in line with the previously established importance of Hfq-and sRNA-mediated control of the outer membrane biogenesis (Guillier et al., 2006; Van Puyvelde et al., 2013) . Finally, we also observed a small but potentially important Hfq-dependent change in the lipid A structure of YeO3-hfq::Km bacteria (Supporting Information Fig. S7 ) indicating that the characteristic detoxification of LPS due to the LpxR activity was increased in this strain. This indicates lower endotoxicity of LPS produced by the hfq mutant and thus it would not explain the early deaths of the infected mice. However, it is worth noticing that this alteration was fully reversed by the inactivation of the rovM gene, showing that RovM is the factor that mediates the changes in the lipid A structure in the hfq mutant strain. This is in agreement with the previous findings showing that RovA is a negative regulator of lpxR, and therefore the RovM overexpression would cause decrease in RovA levels and subsequent increase in the abundance of LpxR (Reines et al., 2012) . Taken all this together, we conclude that the death observed in mice infected intraperitoneally with the YeO3-hfq::Km or YeO3-rovM-hfq::Km bacteria occurred due to the endotoxic shock caused by the increased release of the LPS from the mutant bacterial cells and not by changes in the toxicity of the LPS itself.
Taken together, the loss of Hfq protein led to significant attenuation of Y. enterocolitica O:3 in orally infected mouse model, most probably due to difficulties in passing through the acidic stomach and the reduced resistance to detergent action. On the other hand, the YeO3-hfq::Km bacteria survived as well as the wild type bacteria during i.p. infection.
Hfq/RovM regulation model
The results of the present work as discussed above led us to propose a model (Fig. 9 ) that illustrates the roles of Hfq and RovM in determining the phenotype of the hfq mutant of Y. enterocolitica O:3. In summary, we investigated a range of Hfq-and RovM-dependent processes in Y. enterocolitica and provided evidence that many alterations in gene expression observed in the hfq mutant were due to overexpression of RovM. Derepression of RovM caused upregulation of OmpX, LpxR, and PTS system (glucitol/sorbitol) genes, as well as downregulation of RovA, OsmY and urease alpha-and betasubunits. The knockout of the hfq gene itself resulted in alterations in expression of membrane proteins (OmpC, OmpF, OmpW, Cpx pathway), urease accessory proteins (UreD, UreE, UreF, UreG), carbohydrate metabolism genes (numerous genes of PTS systems), and different transcriptional regulators (OmpR, PhoB). Interestingly, both lack of Hfq and overexpression of RovM caused downregulation of RpoS, but the knockout of rovM in the hfq mutant could not restore the production of this sigma factor, suggesting that both Hfq and RovM are involved in the regulation of RpoS synthesis in an independent way. Our result showed that CsrA mediates the derepression of the rovM gene in the Hfq negative background, however, other factors are likely to be also involved.
The alterations of gene expression in the hfq and rovM mutants were reflected in the phenotypes. The RovM overexpression in the hfq mutant was responsible for changes in motility and biofilm formation, lipid A structure, mannitol utilization, and up to some extent also for the growth rate. In addition, we showed that many alterations observed in the hfq mutant of Y. enterocolitica O:3 were independent from the rovM gene derepression. This included the cell shape, stresssensitivity and attenuation of virulence. These CsrA, though it is likely that also other Hfq-dependent factors may control the rovM transcription. The RovM overexpression affects the transcription of the rovA, lpxR, osmY, ompX genes, of two urease subunit genes, and of two genes from the PTS system. Hfq, independently of RovM, is required for the proper regulation of the expression of the urease accessory protein genes, the Cpx pathway elements, numerous PTS systems genes, and genes of different transcriptional regulators. The RovM appears to repress the expression of RpoS, but Hfq can affect the expression of this sigma factor also independently.
phenotypes are perhaps caused indirectly by other Hfqdependent regulators or directly by the Hfq and Hfqdependent regulatory sRNAs.
Experimental procedures
Bacterial strains and plasmids and growth conditions
The bacterial strains and plasmids are listed in Table 5 . Bacteria were grown aerobically in lysogeny broth (LB) (Bertani, 2004) , in brain heart infusion (BHI) medium (Fluka) or on Yersinia selective agar supplemented with cefsulodin, irgasan and novobiocin (CIN-agar, Oxoid, UK) at either 378C or RT. LB agar plates were prepared by adding 15 g of bacto agar to 1 L of LB. For electron microscopy, flagellin production and motility evaluation bacteria were grown in tryptone broth (TB) (1% tryptone, 0.5% NaCl) and on tryptone agar plates (1% tryptone, 0.5% NaCl, 0.3% bacto agar). For biofilm experiments the MedECa and M9 minimal media were used (Miller, 1972; Skurnik, 1985) . Antibiotics were used when needed at the following concentrations: kanamycin (Km) 100 mg ml
21
, streptomycin (Strep) 50 mg ml 21 , chloramphenicol (Clm) 100 mg ml
, ampicillin (Amp) 50 mg ml
. Expression of the rovM gene from plasmid pMMB207-rovM was induced with 1 mM isopropyl-b-Dthiogalactopyranoside (IPTG).
Construction of bacterial strains
Allelic exchange was used to generate the hfq knock-out mutant (Supporting Information Fig. S1A ). The hfq gene with its flanking regions was amplified by the PCR reaction using the BglII-flanked primers hfq-F1 and hfq-R1 (Supporting Information Table S11 ) and the amplified 1367 bp fragment was introduced to BamHI-digested pUC18 (YanischPerron et al., 1985) . Subsequently, the created ca. 4 kb pUC18-hfq plasmid was used as a template in plasmid PCR to delete the hfq gene. The primers hfq-F2 and hfq-R2 (Supporting Information Table S11 ) amplified a ca. 3.65 kb fragment leaving only the hfq gene flanking regions to the fragment; the whole hfq gene within the 365 bp sequence was deleted. The kanamycin resistance cassette (Km), amplified as a 1156 bp fragment from pUC-4K using the Km-GB66-f and Km-GB66-r primers (Supporting Information Table S11 ), was ligated with the 3.65 kb pUC18-hfq PCR product. The generated ca. 4.8 kb pUC18-hfq::Km plasmid served as a template for PCR with primers hfq-F1 and hfq-R1 to amplify the 2158 bp DNA-fragment containing the hfq flanking regions and the Km cassette. The fragment was cloned into pKNG101 (Kaniga et al., 1991) . The obtained suicide construct pKNG101-hfq::Km was subsequently mobilized from E. coli strain x7249 into the wild type Y. enterocolitica serotype O:3 strain 6471/76. The suicide plasmid integrated via homologous recombination into the host genome and generated a merodiploid strain. Subsequent second site homologous recombination replaced the hfq gene by allelic exchange. Sucrose selection was used to screen for the double recombinants that had eliminated the pKNG101 plasmid carrying the sacB gene. The obtained strain was named as YeO3-hfq::Km. The deletion of the hfq gene was validated with the PCR reaction using the hfq-F1 and hfq-F2 primers. The wild type strain generated the 1367 bp product and replacement of the hfq gene by the Km-cassette increased the size to 2158 bp. The mutation was also verified by the RNA-seq data.
The rovM knock-out mutants were generated by insertion mutagenesis using a single site homologous recombination approach (Supporting Information Fig. S1B ). In brief, internal 437 bp fragment of the rovM coding sequence was PCR amplified using BamHI-site-containing primers MrovM-F and M-rovM-R (Supporting Information Table S1 ). The BamHI-digested PCR product was ligated to BamHIdigested and SAP-treated suicide vector pKNG101. The obtained suicide construct pKNG101-rovM was subsequently mobilized into strains 6471/76 and YeO3-hfq::Km to generate single and double mutant strains YeO3-rovM and YeO3-rovM-hfq::Km. The correct integration of pKNG101-rovM into the genomes of YeO3-hfq::Km and 6471/76 was verified by PCR.
Construction of plasmids
To complement in trans the hfq mutant a plasmid carrying the wild type hfq gene was constructed (Supporting Information Fig. S9C ). The full hfq gene with its own promoter region was amplified by PCR using the BglII-flanked primers hfq-F1 and hfq-F2 (Supporting Information Table S11 ) and the obtained 1367 bp fragment was ligated into BamHI-digested and SAP-treated mobilizable vector pTM100 to obtain the plasmid phfq. The correct insertion of the fragment was verified by PCR. Subsequently, the plasmid was introduced to the YeO3-hfq::Km strain by mobilization generating the in trans -complemented strain YeO3-hfq::Km/phfq.
To construct a plasmid carrying the wild type rovM gene for overexpression experiments the full-length rovM gene was amplified by PCR using primers G-rovM-F and G-rovM-R (Supporting Information Table S11 ) and the obtained fragment was ligated into EcoRI-digested and SAP-treated expression vector pMMB207 (Supporting Information Fig.  S9C ). The correct orientation of the rovM gene in the obtained plasmid pMMB207-rovM was verified by PCR. Subsequently, the plasmid was introduced to 6471/76 strain by mobilization to obtain strain YeO3/pMMB207-rovM.
The full-length csrA gene of 6471/76 was amplified with Phusion DNA polymerase using primers csrA-F1 and csrA-R1 (Supporting Information Table S1 ). The obtained fragment was digested with BamHI and EcoRI and ligated into BamHI and EcoRI digested, SAP-treated pMMB207. The ligation mixture was electroporated into E. coli strain x7249 cells. The resulting construct (pMMB207-csrA) was verified by restriction digestion and by sequencing with the csrA-R1 and pMMB207 specific primers. The constructed plasmid was then mobilized into the 6471/76, YeO3-hfq::Km and YeO3/pLux232oT-ProvM bacteria by diparental conjugation as described earlier (Biedzka-Sarek et al., 2005) (Supporting Information Fig. S9D ). The construction of csrA mutants was attempted as shown in Supporting Information Fig.  S9E .
Promoter reporter constructs
The promoter region of the rovM gene was amplified by PCR using the primers with flanking restriction sites (Supporting Information Table S11 ). The PCR fragments were digested with BamHI, and ligated into similarly digested and SAP-treated reporter vector pLux232oT (Leskinen et al., 2015a) . Ligation products were introduced to E. coli S17-1kpir (Simon et al., 1983) . The correct introduction of the insert was confirmed by PCR. Through conjugation the promoter reporter vector was subsequently introduced to the wild type, YeO3-rovM, and YeO3/pMMB207-rovM strains.
Growth curves
Overnight cultures were diluted in fresh medium to an OD 600 of 0.2 and 200 ml aliquots were distributed into honeycomb plate wells (Growth Curves Ab). The growth 
SDS-PAGE and immunoblotting
Proteins were separated using 5% stacking and 12% separating sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After the run the material was either visualized by silver staining (Mortz et al., 2001) or transferred onto nitrocellulose membrane (Protran, Whatman, pore size 0.45 mm). Transfer of the proteins from the SDS-PAGE gel onto the membrane was done using the semi-dry apparatus (Thermo Scientific Owl, USA). Subsequently, the membrane was blocked using 5% skimmed milk in TBST buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.6) for 1 h at RT. The membrane with primary antibodies diluted in blocking buffer was incubated for 16 h at 48C with gentle shaking. After washing 3 times with TBST, the membrane was incubated with suitable peroxidaseconjugated secondary antibodies (Dako Cytomation, Denmark; dilution 1:2000 in blocking buffer) for 1 h at RT. Subsequently membrane was washed in TBST as before and drained in ECL solution (0.1M Tris-HCl pH 8.5, 1.25 mM luminol, 0.2 mM coumaric acid, 5.3 mM hydrogen peroxide) and exposed to light sensitive film (Kodak, USA).
Antibodies and antisera
The mouse flagellin-specific monoclonal antibody (mAb) 15D8 (Feng et al., 1990) and rabbit anti-RpoS antiserum (Coynault et al., 1996) , as well as a peroxidase-conjugated secondary anti-mouse and anti-rabbit immunoglobulin antibodies (P0447and P0217, Dako Cytomation, Denmark) were used for protein visualization.
Total RNA extraction
The total RNA of bacteria grown at RT or 378C was isolated using the SV Total RNA Isolation System (Promega). The quality of the isolated RNA, as well as the rRNA profile was determined using Bioanalyzer (Agilent). For each strain and growth condition two biological replicates were included.
RNA-seq
The RNA-seq and data analysis were performed at the FIMM Technology Centre Sequencing Unit (http://www. fimm.fi/en/technologycentre/). Sequencing was performed for strains YeO3, YeO3-hfq::Km, YeO3-rovM, and YeO3-rovM/pMMB207-rovM. The ribosomal RNA was removed using Ribo-ZeroTM rRNA Removal Kit for Gram-negative Bacteria (Epicentre). Paired-end sequencing was performed on Illumina HISeq2000 sequencer (Illumina) with the read length of 90 nucleotides. The obtained sequencing reads were filtered for quality and aligned against the Y. enterocolitica strain Y11 genome (accession number FR729477) using the TopHat read aligner (Langmead et al., 2009) . The Cufflinks program (Trapnell et al., 2013) was then used to obtain the fragments per kilobase of gene per million aligned fragments (FPKM) values for differential expression. The genes were considered differentially expressed if the fold change (FC) of the average values was >2, and the Student's t-test P-value was <0.01. The frequencies of mutant to wild type ratios followed the normal distribution indicating the accuracy of the assay. The RNA sequence data has been deposited to Gene Expression Omnibus (Acc. no GSE66516).
Quantitative RT-PCR
Overnight cultures of Y. enterocolitica strains were diluted to OD 600 5 0.1 and grown at 22 or 378C to an OD 600 5 0.6 in LB. The bacterial total RNA was isolated as described above. The extracted total RNA was diluted to the final concentration of 25 ng ml
21
. The quantitative RT-PCR was performed using the GoTaq 1-step RT-qPCR System (Promega) and the primers listed in Supporting Information Table S11. All the experiments were performed in triplicates. Relative quantification was used to compare the amount of a target nucleic acid present in the samples. The ratio between the reference and the test sample was calculated as follows: Ratio (reference/target) 5 2 Cq(ref) -Cq(target) . Each result is presented as the mean value of 3 independent results with their standard deviation.
Quantitative proteomics
Bacteria were grown overnight at RT in 3 ml of LB. Cultures were diluted 1:10 in fresh LB and incubated at either RT or 378C for another 4 h. Afterwards, the cells were harvested by centrifugation at 3000 g, washed with sterile PBS and adjusted to 2.5 3 10 8 CFU ml
21
. Subsequently 1 ml of each culture was pelleted, resuspended in lysis buffer (100 mM ammoniumbicarbonate, 8M urea, 0.1% RapiGest TM ), sonicated for 3 min (Branson Sonifier 450, pulsed mode 30%, loading level 2) and stored at 2708C. Each sample was prepared in 3 parallels. Prior to digestion of proteins to peptides with trypsin, the proteins in the samples were reduced with TCEP and alkylated with iodoacetamide. Tryptic peptide digests were purified by C18 reversed-phase chromatography columns (Varjosalo et al., 2013) and the MS analysis was performed on an Orbitrap Elite ETD mass spectrometer (Thermo Scientific), using Xcalibur version 2.7.1, coupled to an Thermo Scientific nLCII nanoflow HPLC system. Peak extraction and subsequent protein identification was achieved using Proteome Discoverer software (Thermo Scientific). Calibrated peak files were searched against the Y. enterocolitica O:3 proteins (Uniprot) by a SEQUEST search engine. Error tolerances on the precursor and fragment ions were 615 ppm. and 60.6 Da respectively. For peptide identification, a stringent cut-off (0.5% false discovery rate) was used. For label-free quantification, spectral counts for each protein in each sample were extracted and used in relative quantitation of protein abundance changes.
Thermotolerance assay
Thermotolerance was tested as described earlier (Leskinen et al., 2015b) . Bacterial overnight cultures were diluted to obtain ca. 1000 bacterial cells in 10 ml and transferred to a thermoblock heated to 558C. Serial 10-fold dilutions were prepared at start point and after 5 min. The number of viable bacteria was determined by plating 50 ml of the dilutions on LB plates.
Acid tolerance
Acid tolerance was tested as described earlier (Leskinen et al., 2015b) . Bacterial overnight cultures were diluted in PBS pH 2.0 supplemented with 1.4 mM urea to obtain ca. 1000 bacterial cells in 10 ml. Bacteria were incubated at 378C for 20 min and subsequently 10-fold dilutions were prepared and plated on LB plates to determine the number of bacteria.
Urease test
The production of urease was verified in urea broth (0.1% peptone, 0.1% glucose, 0.5% NaCl, 0.2% KH 2 PO 4 , 0.00012% phenol red, 2% urea) (Stuart et al., 1945) . The broth was inoculated with the overnight cultures and incubated at RT or 378C with shaking. The test result was considered positive if the medium changed the color from orange to red and negative if the final color was yellow. The absorbance of the medium was measured at 565 nm.
Motility assay
Bacteria were grown overnight in 5 ml of tryptone broth at RT with gentle shaking. Subsequently, 5 ml of each culture was applied in the middle of the tryptone motility plates (1% tryptone, 0.5% NaCl and 0.35% agar) and incubated for 24 h at RT. Images of the plates were taken using GelLogic 200 Imaging System (Kodac) and the radius of the bacterial growth was measured.
Biofilm assay
Biofilm formation was tested as described earlier (Blumer et al., 2005) with modifications. Overnight cultures in TB, M9 or MedECa were diluted 1:10 into the same medium and 200 ml aliquots were transferred to the wells of 96-well polystyrene microtiter plate (Nunc). After 72 h of incubation at RT the wells were emptied, washed three times with sterile phosphate-buffered saline (PBS; pH 7.2) and drained in an inverted position. To fix the biofilm, wells were washed with 200 ml of methanol and left overnight to dry. Adhered cells were stained by incubation with 200 ml of 0.1 crystal violet solution for 15 min. Non-bound dye was removed by rinsing three times with distilled water. Wells were subsequently filled with 200 ml of 96% ethanol and incubated 30 min at RT to solubilize the crystal violet. Finally the absorbance of the dye was measured at 560 nm using the Labsystems iEMS Reader MF.
Electron microscopy
Overnight grown bacteria were collected from tryptone motility plates, washed with sterile PBS (pH 7.2) and resuspended in 0.1 M ammonium acetate. Cells were allowed to sediment on carbon coated grids for 1 min. Subsequently, the samples were stained negatively using 1% uranyl acetate and examined with JEOL JEM1400 transmission electron microscope. Pictures were taken using the Olympus Morada CCD camera with the iTEM software. Average bacterial cell length was calculated based on the size of 50 random cells of certain strain.
Mouse experiments
Animal experiments were performed under the permit (no ESAVI/5893/04.10.03/2012) from the Animal Experiment Board in Finland. The 35 inbred female 6-8 week old BALB/c mice were purchased from Envigo (Blackthorn, UK). The mice were allowed to adjust to the housing conditions for 1 week after receipt from the breeder.
Bacteria were prepared as described earlier (Skurnik et al., 1999) with modifications. Briefly, bacteria for the animal experiment were grown overnight in 100 ml of LB supplemented with appropriate antibiotics under aeration at RT. The bacteria were pelleted and resuspended in 10 ml of sterile PBS, pH 7.4. Three 1 ml portions were centrifuged down and after removal of the supernatant the mean bacterial mass was determined. Based on assumption that 100 mg (300 mg for YeO3-hfq::Km bacteria) of wet pellet contains about 10 11 bacterial cells, the initial bacterial suspension was adjusted to 10 10 or 10 8 bacteria per ml. For the coinfection experiments the suspensions of wild type and YeO3-hfq::Km bacteria were mixed at the ratio of 1:1 and samples from subsequent 10-fold dilutions were plated in order to determine exact bacterial counts. Mice were kept without solid food for 4 h before bacterial challenge. The bacterial suspension (100 ml for the single infection and a total of 200 ml for the co-infection model) was administered i.g. to the mice using a 20 gauge stainless-steel ball-tipped catheter, or i.p. using a 25G needle. After mice were killed, the Peyer's patches, spleen, and liver were aseptically removed, weighted and homogenized using the Ultra-Turrax T8 homogenizer (IKA Labortechnik, Staufen, Germany) into 0.5, 0.5 and 1 ml of PBS respectively. The number of Y. enterocolitica was determined by plating serially diluted samples on CIN agar plates without antibiotics. The limit of detection in this study was approximately 3000 CFU g 21 for spleen, 500 CFU g 21 for liver, and 7000 CFU g 21 for Peyer's patches. Subsequently, for the co-infection experiments the ratio of wild type to YeO3-hfq::Km colonies was determined by patching the colonies on CIN agar plates supplemented with kanamycin. In our earlier studies we have not seen any indications that the introduction of the kanamycin resistance GenBlock by allelic exchange into the bacterial genome would impact the fitness of the bacteria (Tamm et al., 1993) . 
